INTRODUCTION
Over the last decade, zebrafish has emerged as a powerful model organism to study tumor and cancer progression. The experimental accessibility, the broad range of zebrafish mutants and the highly conserved genetic and biochemical pathways between zebrafish and mammals lifted zebrafish to become one of the most attractive vertebrate models to study gene function and to model human diseases. Several tumor and cancer models were generated, by expression of an oncogene driven by a tissue-specific or ubiquitously expressed promoter (for a review, see Mione and Trede, 2010) . In addition, two mutant models have been established with inactivated tumor suppressor genes. Inactivation of p53 results in development of malignant peripheral nerve sheath tumors (Berghmans et al., 2005) and we have previously reported ocular tumors in ptenb -/-mutants (Faucherre et al., 2008) .
PTEN (phosphatase and tensin homolog from chromosome 10) is one of the most frequently mutated tumor suppressor genes in the progression of cancer and was discovered by several independent groups in the late nineties Podsypanina et al., 1999; Steck et al., 1997; Suzuki et al., 1998) . Fundamental research during the last decade revealed the imperative cellular role of PTEN. Germline mutation of PTEN is associated with rare autosomal dominant cancer syndromes such as Cowden disease and Lhermitte-Duclos disease, and leads to an increased susceptibility to cancer (Eng, 2003; Liaw et al., 1997; Marsh et al., 1998; Marsh et al., 1997; Nelen et al., 1997) .
PTEN belongs to the superfamily of protein-tyrosine phosphatases. Although it exhibits some protein phosphatase activity, PTEN functions predominantly as a lipid phosphatase (Mounir et al., 2009; Myers et al., 1998; Raftopoulou et al., 2004; Tamura et al., 1998) . PTEN removes a phosphate specifically from the D3 position of the second messenger, PIP 3 [phosphatidylinositol (3,4,5)-triphosphate; also known as PtdIns(3,4,5)P 3 ], which is formed by PI3-kinase (PI3K) (Maehama and Dixon, 1998; Myers et al., 1998) . Thus, PTEN is one of the few known lipid phosphatases counteracting the PI3K pathway. An important downstream target of PI3K signaling is Akt, also known as PKB. Akt/PKB signaling modulates a variety of cellular functions, including inhibition of GSK-3 by phosphorylation (Cross et al., 1995; Vivanco and Sawyers, 2002) and activation of cell proliferation by inactivation of p27 (Fujita et al., 2002) , exerting an anti-apoptotic effect (Biggs et al., 1999; Brunet et al., 1999; del Peso et al., 1997; Guo et al., 1999; Kops et al., 1999; Nakae et al., 1999; Rena et al., 1999; Takaishi et al., 1999; Tang et al., 1999) . Akt/PKB signaling also regulates a subset of proteins involved in growth, metabolism and angiogenesis (Maehama and Dixon, 1998; Myers et al., 1998; Salmena et al., 2008) .
Functional analysis in mouse, Drosophila and Caenorhabditis elegans revealed the significance of PTEN, because loss of function leads to embryonic lethality (Di Cristofano et al., 1998; Gao et al., 2000; Goberdhan et al., 1999; Suzuki et al., 1998) . Somatic deletion of PTEN function in various tissues leads to tumor formation and cancer (Ali et al., 1999; Freeman et al., 2006; Li and Sun, 1997; . Heterozygous Pten +/-mice display various hyperplasias and even Pten hypomorphs with a 20% reduction in PTEN protein expression display enhanced tumor incidence, indicating that subtle reductions in the dose of PTEN predispose to tumorigenesis (Alimonti et al., 2010) .
Zebrafish possess two Pten-encoding genes, referred to as ptena and ptenb, which are both functional and encode proteins that SUMMARY PTEN is an essential tumor suppressor that antagonizes Akt/PKB signaling. The zebrafish genome encodes two Pten genes, ptena and ptenb. Here, we report that zebrafish mutants that retain a single wild-type copy of ptena or ptenb (ptena Haploinsufficiency of the genes encoding the tumor suppressor Pten predisposes zebrafish to hemangiosarcoma exhibit lipid phosphatase activity (Croushore et al., 2005; Faucherre et al., 2008) . Single mutants (ptena -/-or ptenb -/-) are viable and fertile and lack visible morphological defects during embryonic development. However, embryos deficient for Ptena and Ptenb die at 5-6 days post-fertilization (dpf ) and display major hyperplasticdysplastic changes in several organs. These observations indicate that Ptena and Ptenb are necessary, but have redundant functions, during embryonic development (Faucherre et al., 2008) .
Here diagnosis, we fixed the entire fish, prepared consecutive sections including the tumor mass and performed hematoxylin and eosin (H&E) staining, which clearly showed the formation of an ocularly located mass (Fig. 2B,C) . In all 26 cases, the tumor was located in, or replaced, the retrobulbar vascular network and frequently expanded into the eye; the growth pattern was remarkably reproducible. The neoplasias consisted of variably sized blood-filled spaces, lined by plump to spindle-shaped cells indicative of angiogenic origin (Fig. 2D) . Plump cell morphology, protrusion into the neoplastic vascular lumen and local tissue invasion (Fig. 2I ,J) favored a diagnosis of hemangiosarcoma. Next to the ptena +/-ptenb -/-fish, we also monitored a family of ptena -/-ptenb +/-fish, consisting of 42 individual fish. We observed an ocular tumor in a 9-month-old fish (Fig. 2E) , which we histologically also classified as hemangiosarcoma (Fig. 2F-H) . Taken together, these results suggest that loss of three of the four Pten alleles predisposes to hemangiosarcoma.
High cell proliferation and endothelial cell fate in hemangiosarcomas from Pten mutants
To examine cell proliferation in the tumors, immunohistochemistry was performed. Tumor samples from ptena +/-ptenb -/-and ptena -/-ptenb +/-mutants exhibited elevated nuclear PCNA staining (Fig. 3A,D) . As a control, individual blood vessels and vessels in the rete mirabile, a collection of arteries and veins lying very close to each other (Barnett, 1951; Wittenberg and Wittenberg, 1974) , located contralaterally in the same section outside the tumor mass were examined. PCNA staining was clearly less prominent in the vessels outside the tumor mass (Fig. 3B,C) . Histological analysis of H&E-stained slides suggested that the tumor consisted of bloodfilled vessel-like structures that were presumably formed by neoplastic endothelial cells. To confirm the endothelial origin of these cells, we used a panel of antibodies that are routinely used for human endothelial cells, including anti-CD31 (PECAM-1), anti-CD133 and anti-Factor VIII-related antigen. Anti-CD31 detected zebrafish endothelial cells reliably, whereas antibodies against CD133 and Factor VIII-related antigen did not stain endothelial cells of blood vessels or tumor cells. All three antibodies stained mouse endothelial cells in sections of adult mouse gut, liver and pancreas that were processed in parallel (data not shown). Comparable to human hemangioma (Boscolo and Bischoff, 2009 (Fig. 3E,H ). Blood vessels and rete mirabile at the contralateral side in the same sections outside the tumor masses stained positive for CD31 in a similar manner (Fig. 3F,G) . Cells from non-endothelial origin, such as muscle and ovaries, did not stain positive for CD31 (supplementary material Fig. S1 ), demonstrating specificity of the antibody. Taken together, our results demonstrate that the cells in the tumors are proliferating (PCNA positive) and of endothelial origin (CD31 positive).
Tumor progression in Pten mutants is associated with activated Akt/PKB signaling Loss of Pten results in activation of the Akt/PKB signaling pathway. The first step in this pathway is activation of Akt/PKB by phosphorylation. To investigate whether Akt/PKB signaling is activated in the tumors, we stained sections of ptena
fish with antibodies specific for phospho-Akt (pAkt; pThr308). We observed a weak signal for pAkt in most of the endothelial tumor cells (Fig. 4A) . Endothelial cells of a blood vessel outside the tumor in the same section were negative for pAkt (Fig. 4B) . GSK-3 is a direct target of Akt signaling and we examined GSK-3 phosphorylation on Ser9 using a phospho-GSK-3 (pGSK-3)-
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ptenb
-/-mutant that developed a tumor was dissected into two fragments, one harboring tumor tissue (tumor) and the other representing control tissue (control). The samples were lysed and the lysates were run on a denaturing SDS-polyacrylamide gel. The proteins were transferred to a PVDF membrane and after blocking the blot was probed with anti-pAkt antibody, stripped and sequentially probed with anti-Akt, anti-pGSK-3, anti-PTEN and, as a loading control, anti-actin. 
-/-fish stained positive for pGSK-3 (Fig. 4C) , whereas endothelial cells in a control vessel in the same section only stained weakly positive for pGSK-3 (Fig. 4D) . To confirm these immunohistochemistry results, we analyzed Akt/PKB signaling by immunoblotting. To this end, part of the head of a tumor-bearing ptena +/-ptenb -/-fish, including the tumor, was dissected and tissue from the contralateral side was isolated as a control. The tissues were lysed and the proteins were separated on SDS-polyacrylamide gels, blotted and probed with antibodies that detect Akt/PKB signaling. Akt/PKB Ser473 phosphorylation was elevated in the tumor sample, compared with the contralateral control, whereas Akt protein levels were similar (Fig. 4E) . GSK-3 Ser9 phosphorylation was also elevated in the tumor samples, confirming the immunohistochemistry data. Taken together, these results demonstrate that Akt/PKB signaling is activated in endothelial cells of hemangiosarcomas of Pten mutant fish.
To investigate the possibility that tumor development was due to loss of heterozygosity for ptena in ptena
-/-fish, we probed the blots with an antibody that was raised against human PTEN. This antibody specifically recognized zebrafish Ptena, but not Ptenb (supplementary material Fig. S2 ). Tumor material from ptena +/-ptenb -/-zebrafish stained positive for PTEN, as did control material (Fig. 4E) , suggesting that tumor development in ptena +/-ptenb -/-zebrafish was not due to loss of heterozygosity. Unfortunately, immunohistochemistry with the Ptena-specific antibody resulted in non-specific background staining. Although we cannot exclude the possibility that the Ptena signal in the immunoblots (Fig. 4E ) is due to non-tumor cells, the level of Ptena expression is very similar in the tumor and contralateral tissue, suggesting that Ptena expression is not lost in the tumor cells.
DISCUSSION
The zebrafish genome contains two Pten-encoding genes, referred to as ptena and ptenb, with redundant roles during development (Faucherre et al., 2008) . Zebrafish mutants harboring one wild-type Pten allele are viable and fertile, yet they spontaneously develop tumors relatively frequently in a reproducible manner. Histological analysis of the tumors indicated that these were large masses consisting of blood-filled lumens that displayed local tissue invasion. The endothelial cell type was confirmed histochemically using an endothelial-cell-specific marker (CD31). The tumors displayed high levels of cell proliferation, visualized by PCNApositive nuclei, reflecting uncontrolled cell growth. Taken together, these tumors bear all the hallmarks of hemangiosarcoma.
Previously, we reported that ptenb -/-zebrafish developed eye tumors around 7 months of age (Faucherre et al., 2008) . These tumors were diagnosed as neuroepithelioma. The cells seemed to be of neurogenic origin and were organized in rosette-like structures. The tumors we observed in ptenb -/-fish are distinct from the hemangiosarcomas we observed in ptena zebrafish might be due to loss of enhancers of the ptenb -/-phenotype. Using immunohistochemistry and immunoblotting, we observed elevated Akt/PKB signaling in the tumor mass compared with control tissue. Apparently, loss of three of the four Pten alleles is sufficient to raise Akt/PKB signaling to some extent. Whether human hemangiosarcomas display defects in Akt/PKB signaling remains to be determined. It is interesting to note that canine hemangiosarcomas displayed mildly enhanced pAkt levels (Chandler et al., 2009 ). In addition, reduced Pten expression was reported in 12 cases of canine hemangiosarcoma (Dickerson et al., 2005) , which is consistent with a role for partial loss of Pten in hemangiosarcoma formation. On the basis of our results and on published reports in canine hemangiosarcomas, it will be interesting to investigate PTEN expression levels in human hemangiosarcoma. Tumor development was not fully penetrant in zebrafish. Therefore, it is likely that a second genetic lesion is required for tumor development in ptena In humans, germline mutations of PTEN are associated with Cowden disease, Bannayan-Zonana syndrome and LhermitteDuclos disease (Eng, 2003; Liaw et al., 1997; Marsh et al., 1998; Marsh et al., 1997; Nelen et al., 1997) . Patients share pathological features, including development of hamartomas, benign hyperplasias or tumors of different tissue origin. Mice that are heterozygous for Pten genes develop various kinds of hyperplasias and tumors during their lifetime (Di Cristofano et al., 1998; Podsypanina et al., 1999; Suzuki et al., 1998) . Interestingly, Freeman et al. reported vascular abnormalities in Pten ⌬5/+ mice that resembled angiomatosis or hemangiomas, and the onset and spectrum of tumor formation were dependent on the genetic background (Freeman et al., 2006) . In addition, transgenic murine models with sustained Akt activation display vascular malformation. Expression of myr-Akt1 in endothelial cells results in abnormal blood vessel formation (Phung et al., 2006; Sun et al., 2005) . It remains to be determined in the ptena +/-ptenb -/-and ptena -/-ptenb +/-fish why endothelial cells are particularly susceptible to tumor formation associated with loss of three of the four Pten alleles.
The tumors that we observed in zebrafish were predominantly (26/30) ocular hemangiosarcomas. Interestingly, ocular hemangioma and hemangiosarcoma has been documented as a common tumor in dogs (Chandler et al., 2009) , suggesting that this location is prone to the formation of hemangiomas and hemangiosarcomas. We hypothesize that the location of tumor origin in zebrafish Pten mutants is the choroidal gland, an anatomical structure that is known as rete mirabile (Barnett, 1951; Wittenberg and Wittenberg, 1974) . The function of the rete mirabile in fish is not yet known.
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It is well established that PI3-K signaling has a prominent role in angiogenesis. Expression of an oncogenic form of PI3-K in chicks results in an increased number of blood vessels, sprouting of new vessels and enlargement of pre-existing vessels (Jiang et al., 1999) . PI3-K signaling is activated in response to Angiopoietin-mediated activation of Tie2 (Jones et al., 1999) , which in turn leads to activation of Akt/PKB signaling. Pten mutant fish are hypersensitive to Akt/PKB signaling, because they express reduced levels of Pten, the antagonist of Akt/PKB signaling. It is likely that angiogenic factors are abundant in the rete mirabile, close to the eye in zebrafish, and loss of three of the four Pten alleles in mutant fish might result in elevated Akt/PKB signaling particularly at, or close to, the rete mirabile, and hence induce hemangiosarcoma formation locally.
To our knowledge, this is the first report of genetic mutations that reproducibly result in development of hemangiosarcoma in zebrafish. The advantages of zebrafish as an experimental model system facilitate further elucidation of the molecular and cell biological origin of hemangiosarcoma. We conclude that haploinsufficiency of the genes encoding the tumor suppressor Pten predisposes to uncontrolled proliferation of endothelial cells, resulting in hemangiosarcoma in zebrafish, which is accompanied by moderate activation of Akt/PKB signaling.
METHODS
Zebrafish mutant lines and maintenance
Zebrafish Pten mutant lines were generated by target selected gene inactivation. For maintenance of zebrafish lines, ptena
or ptena -/-ptenb +/-mutants were intercrossed and offspring genotyped as described by Faucherre et al. (Faucherre et al., 2008) . All procedures involving experimental animals were approved by the local animal experiments committee and performed in compliance with local animal welfare laws, guidelines and policies, according to national and European law.
Immunohistochemistry
Euthanized fish were fixed with Bouin's fixative solution overnight at room temperature and subsequently washed with 70% ethanol.
Immunohistochemistry (IHC) was performed according to standard protocols. Briefly, fish were embedded in paraffin, sectioned (6 m) transversally or sagittally, placed on charged slides and deparaffinized. As a control for efficacy of the antibodies, sections of adult mouse gut were used in parallel to the zebrafish tumor sections. Peroxidases were blocked by incubating the slides for 15 minutes at room temperature in 0.4 M citric acid, 1.2 M di-sodium-hydrogen-phosphate-2-hydrate, 0.02% (w/v) sodium azide and 1.5% peroxide. For antigen retrieval, the sections were boiled for 20 minutes in 0.01 M tri-sodiumcitrate-2-hydrate, pH 6, and cooled down at room temperature for at least 1 hour. Sections were blocked for 20 minutes in 1% BSA/PBS (w/v) and incubated with primary antibody in blocking buffer at 4°C overnight. Details of antibodies used for IHC are listed in Table 1 . Slides were washed three times in PBS (5 minutes each) and incubated for 1 hour with biotinylated secondary anti-rabbit or anti-mouse antibodies. Sections were rinsed four times in PBS and developed with 3.3Ј-diaminobenzidine tetrahydrochloride-H 2 O 2 solution for 10 minutes. Slides were washed subsequently and counterstained with hematoxylin. Serial sections were used and one section from each tumor sample was stained with H&E. Pictures were taken using an Olympus SZX9 connected to a microscope with 4ϫ, 10ϫ, 20ϫ and 40ϫ objectives.
Immunoblotting
Tumor mass and control tissue from a ptena +/-ptenb -/-mutant were dissected after euthanizing fish and immediately lysed with cell lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 10% glycerol, 1% Triton X-100, 1% sodium orthovanadate and protease inhibitors, including 5 mM betaglycerophosphate, 1 g/ml aprotinin, 5 mM NaF, 1 mM Na 3 VO 4 and 1 g/ml leupeptin).
To validate specificity of the anti-PTEN antibody, 3-dpf-old ptena -/-and ptenb -/- (Faucherre et al., 2008) and control embryos were lysed in cell lysis buffer. Samples were sonicated, mixed with 2ϫ Laemmli sample buffer and boiled for 5 minutes. Western blotting was performed according to standard procedure using antibodies listed in Table 2 .
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Hemangiosarcoma in zebrafish RESEARCH ARTICLE ptenb +/-fish over 12 months for development of tumors and find a relatively high tumor incidence (10.2% and 2.4%, respectively). Histopathological analysis reveals tumor masses that are associated with the retrobulbar vascular network, and are diagnosed as hemangiosarcomas composed of rapidly proliferating cells of endothelial origin. Interestingly, Akt/PKB signaling is activated in the tumors. Thus, altered gene dosage of the genes encoding Pten predisposes to hemangiosarcoma in zebrafish.
Implications and future directions
This is the first report of a genetic mutation that results in hemangiosarcoma in zebrafish. The observation that moderate Akt/PKB activation is a feature of hemangiosarcoma in this model indicates that it might be of interest to investigate the role of Akt/PKB signaling in human hemangiosarcoma. In addition, the finding that haploinsufficiency of the genes encoding Pten predisposes to uncontrolled proliferation of endothelial cells in particular suggests that further investigation of the role of PTEN in endothelial cells is warranted. The advantages of using zebrafish as an experimental model system should facilitate pursuit of this issue, as well as the further elucidation of the molecular and cellular origins of hemangiosarcoma.
